Non-member M . F. Rahman (University of New South Wales, Australia) Non-member N . C. Cheung (University of New South Wales, Australia) Since the variables i and x are fully independent and separable in relation to 7(x, i), it is permissible to differentiate under the integral sign. Equations (4) and (5) From equations (2) , (3) , and (7) we can write a non linear state model :
In (8) to (10) Change of flux linkage creates force on the plunger, as described in (7). Therefore force is also a two dimen sional relation with current and position as shown in 
The Proportional Actuator
There Exploiting the fact that the current dynamics is at least an order of magnitude faster than the mechanical dynamics, this paper proposes a dual rate cascade con trol approach.
A fast inner loop current controller is employed to regulate the current-voltage nonlinearities of the solenoid, while a slower outer loop trajectory controller is used to control the mechanical dynamics.
On top of this, a nonlinear function is included to com pensate the nonlinearities of force against current and position. Fig. 4 is the overall block diagram of the control system. E(i) constitutes a disturbance term to the current controller as shown in Fig. 5 . However, simulation studies shows that under normal operation, E(i) consti tutes less than 2% disturbance to the overall equation. Moreover, E(i) is approximately constant over the operation range of i, as shown in Fig. 2 . The figure also shows that L(i) is also approximately constant within the operating range, except when x=0.
Thus, a PI controller is sufficient to control a solenoid which essen tially has a resistive-inductive loading. The required force is calculated from the plunger's position x, and acceleration, dv/dt. The acceleration value, derived from the output of the PID controller, is fed into equation (14) to calculate the required force F.
Implementation and Results
A typical industrial switching solenoid valve is em ployed to implement the proportional actuator. This type of solenoid is being used in many types of industrial applications. Its construction is shown in Fig. 1 . The solenoid has the specifications given in Table  1 .
1 Simulation of the Controller
The control system including full model of the solenoid is simulated to find out the performance of the system. Fig. 8 is the block diagram for the simulation.
Results of the simulated trajectory response and step response of the controller is shown in Fig. 10 . 
